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The rare phenomenon of nuclear wobbling motion has been investigated for the nucleus 187Au. A
longitudinal wobbling-bands pair has been identified and clearly distinguished from the associated
signature-partner band on the basis of angular distribution measurements. Theoretical calculations
in the framework of the Particle Rotor Model (PRM) are found to agree well with the experimental
observations. This is the first experimental evidence for longitudinal wobbling bands where the
expected signature partner band has also been identified, and establishes this exotic collective mode
as a general phenomenon over the nuclear chart.
PACS numbers: 27.70.+q, 23.20.-g, 23.20.En, 23.20.Gq, 21.60.Ev
Wobbling is a collective mode that may appear when
the moments of inertia of all three principal axes of the
nuclear density distribution are unequal. The mode is
well known in classical mechanics and its occurrence is a
clear signal for a triaxial nuclear shape. For a given angu-
lar momentum, uniform rotation about the axis with the
largest moment of inertia corresponds to minimal energy.
At a somewhat larger energy, this axis precesses (wob-
bles) about the space-fixed angular momentum axis. In
a quantal system such as the nucleus (or a molecule),
the mode manifests itself in the appearance of rotational
bands that correspond to successive excitations of wob-
bling phonons, nω, and alternating signature α = α0 +
nω, which determines the spin sequence I = α + even
number. Adjacent wobbling bands nω+1 and nω are con-
nected by collectively-enhanced ∆I = 1 transitions of
predominantly E2 character, which are generated by the
wobbling motion of the entire charged body. This is in
contrast with the signature-partner bands, which repre-
sent another type of excitation involving a partial de-
alignment of the odd particle with respect to its preferred
axis; for those, the connecting ∆I = 1 transitions are of
predominantly M1 character, with very little, if any, E2
admixtures.
Although predicted quite sometime ago [1], this exotic
nuclear motion has been observed only rarely in experi-
ments so far, and the list of nuclei exhibiting it is quite
short: 105Pd [2], 135Pr [3, 4] (and, possibly, 133La [5]),
161Lu [6], 163Lu [7, 8], 165Lu [9], 167Lu [10] and 167Ta
[11]—a total of only 7(8) nuclei across the entire nuclear
chart.
All the aforementioned nuclei have an odd proton occu-
pying a high-j orbital, which modifies the wobbling mode.
Frauendorf and Do¨nau [12] classified this coupled mode
as “longitudinal wobbling” (LW) and “transverse wob-
bling” (TW) when, respectively, the odd particle aligns
its angular momentum along the medium axis (the axis
with the largest moment of inertia), or along one of the
perpendicular axes. The wobbling energy, Ewobb [see Eq.
(1) below], increases with increasing angular momentum
for LW while it decreases for TW [12]. In all of the cases
mentioned above (except, possibly, 133La[5]), the wob-
bling bands have been identified as corresponding to TW
because Ewobb decreases with increasing angular momen-
tum.
We report on the observation of bands structures corre-
sponding to longitudinal wobbling motion in the nucleus
187Au. This is the first case of observation of bands corre-
sponding to longitudinal wobbling, clearly distinguished
from the associated signature-partner band. Further-
more, these results open up a new mass region, and a
different set of orbitals, where this exotic collective mo-
tion is established. Occurrence of triaxiality at low spins
has been established in this mass region by observation of
chiral band pairs in several nuclei [13–15] and suggested
by large-scale, mean-field calculations (see, for example,
Refs. [16–18]). Also, earlier studies of the coupling of an
odd number of particles to a rotor had revealed substan-
tial deviations from an axial shape [19, 20].
To populate the levels of interest in 187Au, a 19F beam
was used with an enriched 174Yb target (13 mg/cm2-thick
foil with a 33 mg/cm2 208Pb backing) at the ATLAS fa-
cility of the Argonne National Laboratory. Data were
collected with the Gammasphere array in two separate
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FIG. 1: (Color online) Partial level scheme of 187Au relevant to the focus of present work. Shown are the Yrast band, the nω
= 1 wobbling band (LW), the signature partner band (SP), and the possible transverse wobbling band (TW) associated with
the (h11/2)
−1 structure (see text). Newly identified transitions are marked with an asterisk (*). All the pure E2 transitions
are shown in green, pure M1 transitions in blue, and the M1 + E2 mixed transitions in gold color. The lowest level shown is a
9/2− isomeric level with Ex = 121.0 keV.
runs using the same beam and target combination. For
the first run, a total of 57 Compton-suppressed Germa-
nium detectors of the Gammasphere array were employed
and the beam energy was 105 MeV. For the second, the
number of detectors was 73, and the beam energy 115
MeV. Data was acquired in the triple-coincidence mode,
with the combined total of three- and higher-fold γ-ray
coincidence events being 10.2 × 1010.
To take advantage of higher statistics, the data from
both measurements were combined, and the analyses per-
formed using the RADWARE suite of codes [21]. Energy and
efficiency calibrations were performed for the added data
set and the calibrated data was sorted into γ-γ coinci-
dence matrices and γ-γ-γ coincidence cubes. A partial
level scheme for 187Au relevant to the focus of this work
is presented in Fig. 1; additional information on the level
structure, along with details of the coincidence relation-
ships, as well as the relevant coincidence spectra, will be
presented in a forthcoming publication [22].
Spins and parities of the bandheads as well as some
low-lying levels of Bands (1) and (2) had been established
previously [23, 24]. In addition to these, the present work
has identified a new band [Band (3)] built on an 11/2−
state at 386.3 keV. The spins and parities for the levels
in Band (3) have been assigned on the basis of angular
distribution measurements.
Band (2) in Fig. 1 is found to decay to Band (1) (the
Yrast band) via six ∆I = 1 transitions. Previous works
[25, 26] have identified this band as the unfavored signa-
ture partner of Band (1). However, based on the present
high-statistics angular distribution measurements for the
connecting transitions between the two bands, this se-
quence has been identified in the present work as the
first wobbling (nω = 1) band. Figs. 2 (a) – (d) provide
the angular distributions for the four lowest nω = 1 →
Yrast (nω = 0) connecting transitions. The mixing ratio,
δ, and the percentage of E2 mixing is noted on each plot.
These transitions have 87%–93% E2 admixture with M1.
The high E2 mixing ratios clearly identify the aforemen-
tioned transitions as ∆I = 1, E2 in nature, which is the
hallmark of wobbling bands [7].
Band (3) is found to decay to the Yrast band via two
∆I = 1 transitions (265.3 and 436.5 keV). In Figs. 2 (e)
and (f) are displayed the angular distributions for these
transitions which reveal a very small E2 mixing ratio (≈
0.4% and 1.0% E2 admixture, respectively), identifying
these transitions as being essentially of a pure M1 charac-
ter. Angular distribution measurements for the in-band
3FIG. 2: (Color online) Angular distribution plots for the four
lowest LW → Yrast linking transitions [(a)–(d)], two SP →
Yrast linking transitions [(e), (f)], and two linking transitions
between the h11/2 bands-pair [(g), (h)]. The experimental
points are shown by black squares, the solid red line is the
fit to the angular distribution, and the dashed blue line rep-
resents the expected angular distribution for a pure ∆I = 1,
M1 transition.
transitions have revealed a pure E2 character enabling
the spin assignments shown in Fig. 1. Band (3), with its
two almost pure M1 connecting transitions to the Yrast
band, has, thus, been identified as the unfavored signa-
ture partner (SP) of the Yrast band.
The wobbling energy (Ewobb), which is the energy of
the wobbling band relative to the nω = 0 band, is defined
as:
Ewobb = E(I, nω = 1)−[
E(I + 1, nω = 0) + E(I − 1, nω = 0)
2
]
(1)
As mentioned previously, if the odd particle aligns par-
allel (perpendicular) to the axis of the triaxial core that
has the largest moment of inertia, the arrangement gives
rise to a longitudinal (transverse) wobbler. The type of
wobbling is characterized by the variation of Ewobb as a
function of spin. An increasing (decreasing) trend with
increasing spin is indicative of longitudinal (transverse)
wobbling [12].
Fig. 3 (d) shows the variation of Ewobb with spin. The
increasing trend clearly identifies 187Au as a longitudinal
wobbler. This is different from all the other known wob-
blers, which have been identified as being of the trans-
verse type. Thus, 187Au exhibits longitudinal wobbling,
representing the first clear observation of this motion in
nuclei. [Incidentally, this was the wobbling motion origi-
nally predicted by Bohr and Mottelson [1] for even-even
nuclei.]
To further understand the nature of wobbling ex-
hibited by 187Au, calculations have been performed
in the framework of the Particle Rotor Model (PRM)
[12, 27, 28]. For the h9/2 band structures, the input defor-
mation parameters (β = 0.27, γ = 22.8◦) were obtained
from constrained and configuration-fixed covariant den-
sity functional (DFT) theory calculations [29, 30], with
the effective interaction PC-PK1 [31]. The proton parti-
cle is described by a single-j shell Hamiltonian and the
pairing effect is included using the standard BCS quasi-
particle approximation, with a gap ∆ = 2 MeV and with
the Fermi surface located at λ = −1.40 MeV, which is
a bit (0.30 MeV) lower than the second level of the h9/2
shell. The moments of inertia for the triaxial rotor were
FIG. 3: (Color online) Experimental level energies minus a
rotor contribution for the (a) Yrast band, (b) LW band and
(c) the SP band. (d) Wobbling energy plot for the LW band
as a function of spin. Also shown for comparison are results
from PRM calculations (solid and dashed lines). The line
through the experimental points in (d) is drawn to guide the
eye.
of the irrotational-flow type: Jk = J0 sin2(γ − 2kpi/3),
with J0 = 36.0 ~2/MeV.
Figs. 3 (a) – (c) display the experimental level energies
minus a rotor contribution for the Yrast, LW and the SP
bands. The general agreement between the experimental
level energies and those calculated in the PRM is quite
good. The wobbling energy, as predicted by PRM (shown
in Fig. 3 (d)), reproduces the increasing trend, but the
value is underestimated as compared to the experiment.
This is attributed to mixing between the wobbling and
SP states due to their relatively close excitation energies.
Also indicative of wobbling bands is a high re-
4duced E2 transition probability B(E2) for the nω =
1 → nω = 0 connecting transitions. Figs. 4 (a)
and (b) show the ratios of the transition probabilities
B(E2)out/B(E2)in and B(M1)out/B(E2)in, respectively,
for these connecting transitions. PRM calculations re-
produce the B(M1)out/B(E2)in ratios well, especially at
lower spins, but the B(E2)out/B(E2)in ratios are underes-
timated somewhat (note the very different vertical scales
in (a) and (b)). These calculations locate the chemi-
cal potential in the middle of the h9/2 shell; Frauendorf
and Do¨nau [12] had predicted the appearance of LW for
quasiparticles from half-filled shells.
FIG. 4: (Color online) (a) B(E2)out/B(E2)in vs. spin and (b)
B(M1)out/B(E2)in vs. spin for the LW → Yrast connecting
transitions. (c) and (d): same as (a) and (b), but for SP →
Yrast connecting transitions; the vertical scale for these is on
the right side. The experimental points are shown by black
squares connected by black solid line and the blue dashed lines
correspond to results from PRM calculations.
FIG. 5: (Color online) Wobbling energy and transition
probability ratios for the h11/2 bands-pair as a function of
spin compared with the results from PRM calculations (blue
dashed lines).
The electromagnetic transition results for the con-
necting transitions from the SP → Yrast band are pre-
sented in Figs. 4 (c) and (d). It is observed that the
B(E2)out/B(E2)in ratios for these transitions are much
smaller than those for LW → Yrast linking transitions.
This further supports the wobbling and signature inter-
pretations for the LW and SP bands. The PRM calcula-
tions do not reproduce the results well for the SP band,
indicating a more collective behavior than that observed
in the experiment.
The observed level scheme also has band structures
based on the 11/2− state [Bands (4) and (5)]. Band
(4) as shown in Fig. 1 is consistent with that reported
in Refs. [25, 26]. However, the spin assignment of the
17/2− and 21/2− levels in Band (5) do not agree with
these previous works. Results of angular distribution
measurements in the present work support the new spin
assignments for these levels (detailed discussion will fol-
low in Ref. [22]). These bands have been interpreted as
arising from an h11/2 hole-like quasiproton excited from
a near-oblate shaped vacuum, which shape-coexists with
the near-prolate deformation for the h9/2 band [32–34].
As discussed in Ref. [12], one expects TW not only for
particle-like quasiparticles (identified in 135Pr [3]), but
also for hole-like ones; the latter phenomenon has not
been experimentally observed prior to this work. The as-
signment of this pair of bands as corresponding to a wob-
bler is supported by angular distribution measurements
for the two connecting transitions (526.0- and 643.1-keV)
between them, which are presented in Figs. 2 (g) and
(h) and correspond to ≈ 77% and 79% E2 admixture,
respectively. Most interestingly, the extracted wobbling
energy for this pair of bands decreases with increasing
spin, indicating a TW character (see Fig. 5 (a)). Also
shown in Fig. 5 are PRM results for this configuration.
The deformation parameters are β = 0.26, γ = 40◦, and
the moments of inertia are 12.61 : 4.52 : 9.37 ~2/MeV
for the medium, short, and long axes, respectively. The
transition probability ratios (as shown in Figs. 5 (b) and
(c)) are also highly suggestive of the wobbling nature of
this h11/2 band-pair. A higher statistics experiment is
needed, however, to firmly establish this very first case
of coexistence of hole-like TW with particle-like LW.
In summary, we have observed wobbling motion in the
nucleus 187Au. Two rotational bands have been identi-
fied as corresponding to nω = 0 and nω = 1 wobbling-
band pair. The signature partner of the nω = 0 (yrast)
band has also been identified. An increasing wobbling
energy, Ewobb, with spin establishes
187Au as the first
nucleus in which longitudinal wobbling motion has been
observed and clearly distinguished from the signature-
partner band. A second pair of bands exhibiting charac-
teristics of transverse wobbling has been identified, possi-
bly indicating coexistence of TW and LW modes. Results
from PRM calculations are found to be in good agree-
ment with experimental observations. These results open
the A∼190 region as a new arena where this exotic col-
5lective mode has now been observed and establish this
mode as a general phenomenon over the nuclear chart
encompassing many different nuclear orbitals. Continu-
ing experimental efforts are clearly warranted to further
explore this behavior.
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